Background. Subjects on suppressive combination antiretroviral therapy (cART) who do not achieve robust reconstitution of CD4 + T cells face higher risk of complications and death. We studied participants in the Women's Interagency HIV Study with good (immunological responder [IR]) or poor (immunological nonresponder [INR]) CD4 + T-cell recovery after suppressive cART (n = 50 per group) to determine whether cytokine levels or low-level viral load correlated with INR status.
Combination antiretroviral therapy (cART) has transformed human immunodeficiency virus (HIV) from a nearly universally fatal infection to a manageable chronic disease for most of those with access to therapy. Recent estimates of life expectancy for subjects infected with HIV and on cART range from as few as 1 to 8 years of life lost, with the majority of deaths occurring due to non-acquired immune deficiency syndrome (AIDS)-related causes [1] . Patients with suppression of viral replication and CD4 + T-cell counts above 350 cells/µL have normal projected lifespan, whereas those with suboptimal CD4 + T-cell recovery will face considerably shorter life expectancy [2] . Subjects infected with HIV who achieve virologic suppression on cART but have incomplete reconstitution of CD4 + T-cell counts are termed immunological nonresponders (INRs), and they have an approximately 10-fold increased risk of an AIDSdefining event or death compared with immunological responders (IRs) [3] . The INR phenotype has been noted in the latest US Health and Human Services HIV/AIDS treatment guidelines, and due to lack of understanding of the causes and no known cure, no effective treatment or monitoring is available or recommended for those at higher risk of death due to poor CD4 + T-cell recovery [4] .
Why some subjects have an incomplete immunological recovery is not entirely understood, and it is clearly important because INR subjects face an increased risk of death in spite of what appears to be effective cART. Risk factors for inadequate CD4 + T-cell reconstitution include older age [5] [6] [7] [8] , lower nadir CD4 + T-cell count [7, 8] , more than 1 year with CD4 + T-cell count <200 before antiretroviral therapy (ART) initiation [5] , and longer time from ART initiation to suppression of viral replication [7] . It has long been appreciated that recovery of T-cell counts is not directly linked to suppression of HIV replication, because some subjects with continued viral replication experience robust CD4 + T-cell count gains [9] [10] [11] and others with complete suppression by commercially available viral load assays have incomplete or blunted recovery of CD4 + T-cell counts [10] . Some, but not all, studies find that the degree of CD4 + T-cell increase correlates with the degree of viral replication in those with residual viral replication [11, 12] . In those with viral suppression, the presence of viral blips between periods of complete suppression does not predict CD4 + T-cell increase [13] . Potential explanations for the INR phenotype include (1) thymic involution and accelerated immune senescence with an inability to generate new CD4 + T cells and (2) increased immune activation that contributes to immune exhaustion. Consistent with lower nadir CD4 + T-cell count predicting slower recovery, the number of naive CD4 + T cells at cART initiation and after 1 year or more of therapy correlates with the rate of CD4 + T-cell recovery [14] [15] [16] . Thymic-derived naive T cells are also low in INR subjects, implying that decreased thymic production of cells is part of the reason for inadequate CD4 + T-cell recovery in these patients [15, 17] . In the current study, we examined whether soluble markers of inflammation would predict the INR phenotype in subjects in the first 2 years of suppressive cART. A panel of 30 soluble markers of inflammation was tested longitudinally before and after suppression of viral replication by cART in 50 IR and 50 INR subjects.
METHODS

Study Participants and Sample Selection
Subjects were participants in the Women's Interagency HIV Study (WIHS), an ongoing multisite cohort study of HIV among US women, which enrolled participants in 1994-1995 and 2001-2002 [18, 19] , and all subjects were enrolled with informed consent. Semiannual visits include interview, clinical exam, and collection of biologic specimens. Hepatitis C virus (HCV) serology was performed at study entry, and HCV plasma ribonucleic acid (RNA) quantitation was performed on seropositive women to determine whether infection was ongoing versus resolved. Participants for the current study were chosen from 2961 HIV seroprevalent women in the WIHS cohort who initiated cART. Immunological nonresponder phenotype periods were defined as those with HIV viral load suppressed to below 80 copies/mL and CD4 + T-cell count <500 (the approximate lower limit of the reference range for HIV-uninfected females [20, 21] ) for at least 2 years while on suppressive cART. In total, 91 women met the criteria, and the 50 with lowest CD4 + T-cell count slopes were selected as the cases. Immunological responder phenotype periods were defined as those with HIV viral load suppressed to below 80 copies/mL for at least 2 years while on cART and CD4 + T-cell count ≥500 at the end of the period. In total, 231 women met the criteria, and 150 women with highest CD4 + T-cell count slopes were selected as the potential pool to match the 50 selected cases, and the 50 best-matched IR subjects were selected for study. Immunological responder women were matched to INR women based on ethnicity (African-American vs other), age, AIDS status, CD4 T cell, nadir CD4 T cell, and HIV viral load at index visit, HCV antibody status at WIHS study entry, and time of follow up in the cohort (within 1 year), using propensity score. Index visit was defined as the visit with detectable HIV viral load and nadir CD4 T cell <500, prior to the phenotype period. Three serum samples for each subject were tested for cytokine levels, with the samples chosen at the visit prior to phenotype period and at 1 and 2 years on phenotype ( Figure 1 ). In addition, low-level viral load quantitation was performed at the 2-year on phenotype time point. Because this required at least 2 mL plasma, for some subjects the visit before or after the 2-year time point was selected based on available sample volume. 
Low-Level Viral Load Testing
Samples from the 2-year post-cART time point were retested to quantify low-level HIV viral load, below the limits of detection of standard commercial assays. The Aptima HIV-1 Quant Dx (Aptima) assay is an in vitro nucleic acid amplified test for the detection and quantitation of HIV type 1 (HIV-1) RNA on the fully automated Panther system (Hologic) [22, 23] . The assay uses 3 main steps, which all take place in a single tube: target capture, target amplification by transcription-mediated amplification, and detection of the amplification products (amplicon) by fluorescent-labeled probes (torches). Detection is achieved using the single-stranded nucleic acid torches that are present during the amplification of the target and hybridize specifically to the amplicon as it is generated in real time. Each reaction has an internal calibrator/internal control (IC) that controls for variations in specimen processing, amplification, and detection. The concentration of a sample is determined by the Panther system software using the HIV-1 and IC signals for each reaction and comparing them to calibration information. The lower limit of quantitation (LLOQ) is 30 copies/mL, and the limit of detection (LOD) is 13 copies/mL [23] . For values below the LLOQ we assigned a value of 21 copies/mL (halfway between 13 and 29), and for values below the LOD we assigned a value of 6 copies/mL (halfway between 0 and 12).
Less-Sensitive Antibody Testing
The less-sensitive Vitros (LS-Vitros) assay is based on the VI-TROS ECi/ECiQ Immunodiagnostic System-a chemiluminescence assay that gives a quantitative measure of HIV antibodies (Ortho-Clinical Diagnostics). As described previously, samples were diluted 1:400 in Ortho diluent buffer B before placing the sample on the diagnostic system [24] . In 50 minutes, results were reported as signal to cutoff.
Statistical Analysis
Cytokine levels were compared between clinical groups using one-way analysis of variance (ANOVA) and Tukey's honestly significant difference tests. Differences in subject characteristics between groups were evaluated by ANOVA for continuous variables and by Fisher's exact test for ongoing HCV infection. Cytokine and viral load values were log-transformed prior to analysis due to nonnormal distribution of the data. P values were adjusted into false discovery rates (FDR) by the Benjamini-Hochberg controlling procedure, a commonly used method for analysis of large sets of biological data [25] . Statistical significance was defined as P < .05 and FDR < 0.1. R/Bioconductor software was utilized for statistical analyses.
RESULTS
Participant Characteristics
Fifty subjects each from the INR and IR groups were included. The median age was 34-and 35-years-old in the 2 groups, respectively (Table 1) , and a significant minority of the subjects was African American (38%). The median viral load was 10 000 RNA copies/mL at index in both groups, in spite of significant prior ART exposure in both groups (74% and 96% in IR and INR groups, respectively; P = .004). The total median duration of prior ART exposure was 4 and 2.75 years in the INR and IR groups, respectively ( Table 1) . The median CD4 + T-cell count prior to suppressive cART for the 2 groups was 200 and 227, respectively, and the nadir CD4 + T-cell count was 132 in the INR group and 167 in the IR group (P = .1). The proportion of women who were infected with HCV or who had detectable HCV viremia at baseline also did not differ between the INR and IR groups. Overall, there were no significant differences in the subject characteristics on which they were matched.
Virological and Immunological Responses to Combination Antiretroviral Therapy
Both the INR and IR groups showed a good virological response to cART, with undetectable levels of viral load at 1 and 2 years after therapy initiation ( Figure 2 , top panels). There was no difference in the level of viremia detected by commercial assays at any of the time points. CD4 + T-cell counts were higher after 1 and 2 years of therapy in the IR than INR group (640 vs 283, P < .001; Figure 2 , bottom panels). The longitudinal study design allowed comparison of cytokine levels within a given individual before and after suppressive cART initiation, which has more power to detect effects of cART than a previous cross-sectional study we performed [26] . Within 1 year of cART initiation levels of TNF-α, IP-10, MIP-3β, BCA-1, I-TAC, MIG, and TRAIL, all fell significantly, and these decreases were maintained at 2 years (Table 2) . It is interesting to note that the level of a number of analytes increased after cART was started, including IL-15, FGF-2, sTNFRI, sIL-1RII, sgp130, SDF-1, and eotaxin-2. Of these analytes, IL-15 had previously been compared cross-sectionally between subjects with uncontrolled HIV replication and HIV-seronegative controls, and IL-15 levels were found to be low in the HIV-infected subjects [26] . For at least this analyte, it seems that its increase after cART initiation represents a partial normalization of the systemic cytokine profile. Likewise, TNF-α and IP-10 were previously found to be elevated in the setting of uncontrolled HIV replication, and their decrease with cART represents a move toward levels found in HIV-uninfected subjects [26] .
Systemic Immune Profile of Subjects With Incomplete Immune Recovery
We hypothesized that subjects who had poor CD4 + T-cell recovery in spite of complete virological suppression measured by commercial assays would have a more pronounced proinflammatory profile. To determine whether cART was more effective at normalizing the systemic cytokine profile in IR than INR subjects, these groups were compared. As can be seen from a heat map (Figure 3 ), and consistent with the data in Table 2 , 1 set of analytes showed increasing levels after initiation of cART (top portion of Figure 3 ), whereas a second set showing decreasing levels after cART clustered together (bottom portion of Figure 3) . Of note, the trends for each of the analytes were largely similar between the IR and INR groups. Only 3 analytes showed significant differences between IR and INR subjects at any time point (P < .05, FDR < 0.1). At baseline, MIP-3β was higher in IR than INR subjects ( Figure 4A , top panel). One year after cART, sVEGF-R3 levels were higher in IRs, and this change was no longer significant after 2 years of therapy ( Figure 4A , middle panel). Finally, IP-10 levels were lower in IRs 2 years after cART was begun ( Figure 4A , bottom panel). Overall, cytokine profiles after the initiation of cART were remarkably similar between the IR and INR groups, contrary to our hypothesis. The finding of higher IP-10 levels in INR subjects was of interest, because this cytokine has been shown to correlate with viral load in antiretroviral (ARV)-naive subjects, and importantly it was the only analyte of 32 soluble markers studied to show significant negative correlation with CD4 + T-cell count in a prior study [26] . These findings led us to test whether the higher IP-10 level in INR subjects indicated low-level viral replication taking place in this population that was not detected using commercial HIV RNA detection assays. Accordingly, samples from the 2-year time point were tested using the Aptima assay, with a limit of detection of 13 RNA copies/mL. Most of the samples showed virus load <100 RNA copies/mL, and there was no difference between virus load in the IR and INR groups. Furthermore, in contrast to our findings of a correlation between IP-10 levels in ARV-naive subjects [26] , there was no correlation between IP-10 levels and low-level viral load (Figure 4B) . In addition to directly measuring virus, examination of antiviral immune responses can provide a sensitive measure of low-level virus replication [27, 28] . Using a less-sensitive anti-HIV antibody test designed to identify individuals with recent HIV infection [29] , we were able to measure anti-HIV antibody levels after 2 years of suppressive cART. The assay revealed no difference between antibody levels in the IR and INR groups ( Figure 4C ). These results indicate that low-level, ongoing viral replication does not appear to be the cause of poor CD4 + T-cell recovery.
DISCUSSION
This study explored the hypothesis that increased levels of systemic inflammation are responsible for a lack of appropriate CD4 + T-cell reconstitution after suppressive cART. Suppression of viral replication with cART significantly altered the cytokine profile of both IR and INR subjects, increasing levels of multiple Abbreviations: BCA, B-cell-activating chemokine; cART, combination antiretroviral therapy; CTACK, cutaneous T-cell-attracting chemokine; FDR, false discovery rates; FGF, fibroblast growth factor; gp, glycoprotein; GRO, growth-related oncogene; HCC, hemofiltrate CC chemokine; IL, interleukin; IP-10, interferon gamma-induced protein 10; IQR, interquartile range; I-TAC, interferon-inducible T-cell alpha chemoattractant; MCP, monocyte chemotactic protein; MDC, macrophage-derived chemokine; MIG, monokine induced by interferon; MIP, macrophage inflammatory protein; s, soluble; SDF, stromal cell-derived factor; TNF, tumor necrosis factor; TNFR, TNF receptor; TRAIL, TNF-related apoptosis-inducing ligand; VEGFR, vascular endothelial growth factor receptor. a Bold numbers denote values different from presuppressive cART levels ( P < .05, FDR < 0.1).
cytokines and decreasing levels of others such as TNF-α and IP-10, known to be elevated in untreated HIV infection. Although changes in multiple markers of infection were detected after initiation of cART, very few differences were seen in cytokine levels between the IR and INR groups. Overall, we found very little evidence of differences in soluble inflammatory markers between IR and INR subjects. These results are consistent with the few studies that have measured cytokines in INR subjects, including no differences in IL-1β, IL-6, IL-8, MCP-1, and TNF-α levels in 1 study [30] and sTNFRI, sTNFRII, sCD14, and IL-6 levels in another [31] . Although levels of cytokines were not different between IR and INR subjects, higher levels of sTNFRII and IL-6 were found in INR subjects compared with HIV-uninfected subjects [31] . In addition, IL-7 levels have been variously described as borderline elevated [15] or suppressed [32] in INR subjects. Soluble markers of inflammation presumably reflect activation of circulating immune cells and tissues, although it has been shown that cellular activation can exist, as measured by interferon-stimulated gene expression, in the absence of significant perturbations in systemic cytokine levels [31] . In contrast to the lack of signal for cytokines in predicting the INR phenotype, multiple studies have demonstrated differences in markers of cellular activation between IR and INR subjects. Higher levels of CD38 + CD8 + T cells is correlated with poorer CD4 + T-cell recovery [33] , although the dependence on CD8 + T-cell activation may not persist after the first year on cART [34] . Some studies have also suggested that HLA-DR + CD8 + T cells correlate better with the INR phenotype than CD38 expression [30] . Lower proportions of CD28 + CD8 + T cells have also been associated with the INR state, presumably reflecting a smaller naive T-cell pool [30, 35] . In addition, higher levels of soluble CD14, the lipopolysaccharide receptor, have been associated with the INR phenotype [36] . Of the cytokines found to be different between IR and INR subjects, IP-10 was the most interesting from a pathogenesis perspective. This cytokine has previously been shown to be correlated with higher viral load and lower CD4 + T-cell count [26, 37] . We hypothesized that low-level viral replication might be driving higher IP-10 levels at the 2-year time point in the INR subjects, but using a sensitive HIV RNA detection assay we found no evidence for increased viral replication in this group ( Figure 4B ). It is possible that IP-10 is serving as a marker of increased HIV-driven inflammation in tissues such as lymph nodes, with virus-infected cells eliminated prior to replication of virus. We did not measure the latent reservoir of infected cells in this study, although a recent study demonstrated that INR subjects did not have increased HIV RNA or DNA levels in colonic biopsy samples [31] . T cells and C-reactive protein levels but did not change CD4 + T-cell counts or HIV viral load [38] . Hydroxychloroquine was shown to decrease CD4 + T-cell activation and boost CD4 + T-cell percentage but not numbers [39] . Intensification of ARV therapy with raltegravir led to a faster increase in CD4 + T cells but no difference in levels at 48 weeks compared with placebo in a randomized, controlled trial [40] . Taken together, attempts to target residual inflammation or viral replication in INR subjects have not yielded conclusive benefits in terms of CD4 + T-cell count recovery.
CONCLUSIONS
In summary, we found that of a broad array of markers spanning pro-and anti-inflammatory cytokines, chemokines, and growth factors, none of the soluble markers tested proved to be reliable discriminators of the IR versus INR phenotypes, either at baseline before cART or after 1 or 2 years of suppressive cART. Our current results and prior studies demonstrate that cART modulates the cytokine profile of HIV-infected subjects. Moreover, in studies in which healthy control subjects have been included, the direction of change (increase or decrease) in these levels seems to be towards levels found in healthy controls. These data suggest that poor CD4 + T-cell recovery after effective cART may be mediated by cellular activation that does not result in substantial perturbations of systemic cytokine levels, combined with other known risk factors for poor CD4 + T-cell recovery, such as lower nadir CD4 + T-cell count, older age, and a longer exposure to high levels of HIV replication. These findings reinforce arguments for early treatment of HIV and suggest that research into methods of directly boosting T-cell production in INR patients may be more fruitful than indirect therapies targeting residual HIV replication.
